ABSTRACT Binding of benzphetamine to purified microsomal cytochrome P450 from rat liver causes a shift in the heme spin state of the protein to favor the high-spin form. This shift is strongly temperature dependent. A rapid temperature jump of a cytochrome P450/e benzphetamine mixture, monitored by changes in the Soret absorptions of the heme, reveals two relaxation processes: one in a 50-msec time range (7f) and the other in a 0.3-sec time range (T5). Both relaxations reflect conformational changes of the protein after the substrate binding. No bimolecular reaction of benzphetamine and the enzyme has been resolved. This indicates that there is no absorption change of the heme associated with the initial binding. In the presence of dimyristoyl lecithin, at 250C Tf decreases by nearly one order of magnitude whereas r, decreases to one-third. The enhancement of rates by added phospholipid is both temperature-and concentration-dependent: rates are accelerated only above the gel-liquid crystalline transition temperature, and this effect saturates near the enzyme/lipid ratio of 1:20. In contrast, the lipid does not have significant effect on the equilibrium binding curve of the substrate. These results suggest that the lipid may form an envelope around the enzyme and, depending on its crystalline state, regulates the rate of the substrate-induced conformational changes of cytochrome P450.
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Several factors are known to affect the equilibrium between the high-and low-spin states of cytochrome P-450 (P-450). The equilibrium shifts toward the high-spin state upon binding with certain substrates or when the temperature is increased. Equilibrium constants and other thermodynamic parameters have been calculated for P-450 from the soil bacterium Pseudomonas putida, whose high-and low-spin states are characterized by Soret bands around 391 and 417 nm, respectively (1, 2) . The assignment of the spin states and the point of equilibrium is less certain in liver microsomal P-450. Haugen and Coon (3) have purified, from rabbit liver microsomes, a low-spin form of P-450 with a Soret band at 418 nm and another species of P-450 that is predominantly in the high-spin state with a Soret band at 395 nm. Rein et al. (4) have shown that in the presence of benzephetamine the heme group of P-450 shifts toward the fiigh-spin state. Ebel et al. (5) have reported that, at room temperature, 40% of the P-450 in rat liver microsomes is in the high-spin state, and an additional 35% is converted to the high-spin form upon binding with substrates. They have also reported the temperature-induced difference spectrum to be a typical "type I" binding spectrum (6) .
We have obtained similar results with highly purified P-450 preparations. This provides an excellent system for investigating the molecular basis of the spectral and spin state changes by the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "ad- Temperature-jump kinetic measurements were done with a Messanlagen temperature-jump apparatus (8) . Experimental details of the relaxation measurements are given elsewhere (9, 10) . Spectroscopic measurements were performed with a McPherson 707K double-beam spectrophotometer.
Multilamellar dimyristoyl L-a-lecithin (DML) liposomes were prepared in glycerol/phosphate buffer as outlined by Tsong and Kanehisa (9) . Unilamellar vesicles of DML were prepared by the method of Huang (11) . The enzyme was added either to the liposome or the small vesicle suspensions and incubated at 250C for at least 30 min before each experiment. Regardless of the size of the vesicle preparations used, consistent and reproducible results were obtained throughout, indicating that enzyme-lipid interaction was completed within this incubation period and that the final form of the enzyme-lipid complex was not dependent on the initial state of the lipid suspensions. The formation of enzyme-lipid complex was demonstrated in a density gradient experiment with a Sorvall RC2-B centrifuge. The enzyme cosedimented with lipid and layered at the interface of the water and 0.8 M sucrose phases. Under similar conditions, but without lipid, no layering of the enzyme was seen. In experiments involving phospholipid disAbbreviations: DML, dimyristoyl L-a-lecithin; P-450, cytochrome P-450.
persions, turbidity change in the temperature-jump experiment was judged to be nonsignificant, because no signal was detectable with lipid suspensions alone for the concentration range studied.
The temperature-jump experiment was also performed with sonicated microsomal fragments. Similar relaxations were observed. However, in these measurements, interference by the turbidity of the suspensions could not be completely eliminated. Interference by turbidity was less serious in equilibrium measurements using the double-beam spectrophotometer.
RESULTS
Temperature-Induced Conformational Changes. In the absence of benzphetamine, the Soret absorptions of P-450 were relatively stable with respect to temperature changes. A rapid 40C temperature-jump of the enzyme solution gave no detectable signal. In the presence of benzphetamine, however, the Soret absorptions became temperature dependent, with higher temperature favoring the high-spin state of the heme. Fig. 1A gives the signals measured at 420 nm in a 4VC temperature-jump of a P-450/benzphetamine mixture. The kinetics were complex and could be resolved into at least two relaxation times: one in a 50Wmsec time range (-f) and the other in a 0. Temperature-jump experiments using suspensions of sonicated microsomal fragments gave similar but not identical results. The turbidity of these suspensions interfered with the optical signals, and precise measurement of the two relaxation times was difficult to achieve. Nevertheless, several observations with the microsomal fragments are worth mentioning. First, the thermally induced heme spin-state transformation of P-450 occurred in the microsomal fragment even in the absence of added substrate; the effect was greatly enhanced when benzphetamine was added. Second, there were also two relaxation processes corresponding to this spin-state transformation, and both relaxations were more than one order of magnitude faster: Tf occurred in 1-msec time range and -r occurred in the 5-msec time range. Third, although the relaxations were faster, the magnitude of the signals was comparable to that obtained for the solubilized P-450 under similar experimental conditions. The kinetic difference spectrum also agreed with the equilibrium difference spectrum.
In order to examine whether any of the relaxations might be due to the bimolecular process of the benzphetamine binding, we performed the relaxation measurement at different con- By applying these limiting conditions, the experimental data of Fig. 2 were used to obtain a rough estimate of KI, k2, k-2, k3, and k-3. Minor adjustments of these values were then made to achieve a better numerical fit. The two solid curves in Fig.  2 were produced by using: K1 = 8 X 103 molh, k2 = 32 sec', k-2= 12 sec1, k3 = 3.7 sec1, and k-3 = 1.7 sec1, according to the kinetic scheme of Eq. 1.
Effect of Phospholipid. The enhanced relaxation rates of P-450 in the microsomal fragments suggests that the conformational change of the enzyme is greatly facilitated by some components of the microsomal membrane. Because the total signals observed for the reaction were identical for the solubilized and the microsomal enzymes, the change in the relaxation rates is unlikely due to a change in the aggregation state of the enzyme. Furthermore, our gel filtration experiment with a Sephadex G-200 column indicated that the aggregation state of P-450 in solution (13) was insensitive to a temperature change from 14 to 260C. It has been known that, in liver microsomes, the rate of the P-450-catalyzed oxidative demethylation reactions exhibits a break around 240C in the Arrhenius plot (14) . Similar breaks were also observed in the oxidation of 7-ethoxycoumarin (15) . Although the effect of lipid fluidity on translation of membrane proteins has been offered as an explanation (14, 15) , other possibilities have not been excluded (16) .
To investigate possible effects of lipid and its crystalline state on P-450 catalytic action we did the following studies. The equilibrium binding of benzphetamine in the absence and presence of DML was monitored by changes in the heme absorptions of the Soret band; the result obtained at 420 nm is shown in Fig. 4 48.6 and 29.1 kJ molh for the temperature above the phase transition, and 33.2 and 29.1 kJ molh, respectively, for the temperature below the phase transition.
DISCUSSION
Two observations reported here are particularly interesting. First, addition of DML to P-450 did not have any observable effect on the heme spin state, and it did not affect the temperature dependence of the heme absorptions. Second, although DML did not alter the equilibrium binding curve of benzphetamine to the enzyme, at 25'C it significantly increased the rate of substrate-induced conformational changes of the protein. These two seemingly contradictory observations, taken together, suggest that the phospholipid interacts neither directly at the substrate binding site nor with the heme moiety; rather, it provides a proper environment to facilitate the conformational transitions of the enzyme. This is especially true in view of the fact that the effect of DML on the rate was prominent only when the lipid was in the fluid state. Because the effect became saturated at an enzyme/lipid ratio of 1:20 it is likely that these lipid molecules form an envelope surrounding the protein. The midpoint of the transition in the Arrhenius plot (Fig. 3 ) occurred around 20'C. It is not known whether this transition reflects the transition of the bound lipid or the transition of the lipid-bound protein.
The existence of boundary lipid was first suggested by Jost et al. (17) in their study of cytochrome oxidase interactions with phospholipid. Recent evidence suggests that the crystalline state of the boundary lipid, or "annular lipid," determines the ATPase activity of a calcium transport protein (18) . However, mechanisms of the lipid influence on the enzyme activity remain unknown. Our relaxation study suggests that annular lipid may facilitate the substrate-induced conformational transitions of P-450.
Other physical properties of phospholipids also have a profound influence on the activity of many membrane enzyme systems (19) . For example, in the case of the cytochrome b5-cytochrome b5 reductase system it has been shown (20) that the interaction of the two enzymes depends on the translational diffusion of enzymes in the phospholipid bilayers, and hence it depends on the fluidity of the membranes. The breaks of the activities of many transport proteins in Arrhenius plots have been attributed to lateral phase separations (20, 21) or the formation of lipid clusters (22) . In this study, because the effect of lipid on the rate of the conformational changes of P-450 started at a very low ratio of lipid to protein and because lipid does not alter the equilibrium binding of the substrate, it is unlikely that any of the reasons suggested above can be applied here. If the phospholipid does provide the required environment for the conformational changes of P-450 to occur, it remains highly plausible that the activity of the enzyme in the microsomal membrane may be regulated by the crystalline state of the membrane lipids. We note that the conformation of the enzyme may depend strongly on its aggregation state (13) . 
